Fiber-reinforced polymer (FRP) composites have been widely used to strengthen the existing reinforced concrete (RC) structures to against static and dynamic loads. During the past decades, the interfacial bond behavior between FRP and the concrete substrate under static load has been systematically investigated by experimental and numerical approaches. In contrast, the interfacial bond performance under dynamic loads, e.g., impact and explosive loading, is still far away from well known, especially taking the strain rate effect into account. In this contribution, the single-lap shear test is conducted to sixty specimens at the medium strain rate between 1:0E − 4/s and 5:0E − 3/s. The effects of various system parameters, including the strain rate, concrete strength, type of FRP and adhesive, on the interfacial fracture energy, peak shear stress, FRP strain distribution, interfacial shear stress, and effective bond length, are thoroughly investigated. It has been revealed that the strain rate and concrete strength can significantly affect the interfacial fracture energy and peak shear stress. The specimen with CFRP sheet possesses higher interfacial shear stress but lower fracture energy than that with BFRP sheet. The adhesive with lower elastic modulus is helpful to improve interfacial energy dissipation under dynamic load. The effective bond length decreases with concrete strength and strain rate, mainly between 75 mm and 90 mm, which is significantly shorter than that under static load. Inspired from the Kulkarni and Shah model, a new model is proposed to evaluate the interfacial fracture energy and peak shear stress with respect to the strain rate, and the estimated values agree well with the experiments.
Introduction
Concrete structures are frequently suffering from different types of damage in practical engineering, such as overloading, earthquake, erosion, and fire. Such inevitable phenomenon leads to a direct consequence of a reduction on the bearing capacity of the structure. In the past decades, different types of reinforcement technique, such as the externally bonded steel plate method [1] , the prestress strengthening method [2] , the externally bonded fiber-reinforced polymer (FRP) method [3] , and the hybrid method [4] , have been innovatively developed to rehabilitate or improve the performance of the damaged concrete members, so the initial designated service requirements can be met. Among these innovatively developed approaches, the externally bonded FRP method possesses several attractive advantages including the negligible added weight, excellent durability, and convenient construction. FRP sheets or strips are directly pasted to the surface of the concrete substrate by epoxy resin adhesive, and then the reinforced structure becomes a typical composite consisting of concrete, FRP, and the interface between FRP and concrete. Despite of the advantages of the FRP that have been offered, the issue of limited strengthening efficiency, which is caused by the mercurial interfacial debonding effects, is still obstructing the full implementation in real-life engineering applications. Numerous experiments and numerical simulations have revealed that the interfacial bond-slip relationship under static loading condition is affected by a series of factors, including concrete strength, FRP type, stiffness of adhesive, and interfacial bond length and width [5] [6] [7] [8] [9] [10] [11] . Reviews on the debonding strengthen models can be found in [12] , and different types of anchorage devices used to achieve higher levels of fiber utilization prior to premature debonding failure are reviewed in [13] .
It is worth noting that the FRP-reinforced structures may suffer dynamic loads, e.g., seismic load, explosion, impact, and crash, in the subsequent usage [14] [15] [16] . In these cases, owning to the strain rate effect, the interfacial bond-slip relationship between the FRP and concrete is much different from the situations under static and quasistatic loads. Table 1 [17] lists the strain rates under different loading cases. To date, there are only a few literatures covering the effect of strain rate on the interfacial bond-slip relationship. Through double-lap shear tests with strain rate ranging from 1:0E − 5/s to 1:0E − 2/s, Shi et al. [18] found that the concrete strength is an important factor affecting the strain rate effect of the FRP-concrete interface. Shen et al. [19] presented an experimental investigation on the dynamic effective bond length between the basalt fiber-reinforced polymer (BFRP) sheets and concrete under various strain rates. It was found that dynamic effective bond length of the BFRP-concrete interface is affected by both the BFRP stiffness and concrete strength, and it decreases in the form of a logarithmic function as the strain rate increases. The maximum bond stress, ultimate load, and bond-slip relationship are also sensitive to the strain rate [20] .
On the other hand, numerical approaches, e.g., FEM, are employed to simulate the interfacial debonding behavior between FRP and concrete under dynamic loads, but it is still a challenge to achieve robust results efficiently owning to the nonlinear behavior of interfacial debonding between FRP and concrete. To name a few, Caggiano et al. [21] proposed a modified Duvaut-Lions zero-thickness interface model to simulate the strain rate effect in FRP sheets glued to concrete substrate. Chen et al. [22] treated the debonding failure as a dynamic problem and solved using a time integration method to overcome the convergence problem. Lin and Zhang [23] performed a nonlinear analysis using LS-DYNA to investigate the effect of strain rate effect on the blast resistance of FRP-strengthened reinforced concrete panels.
In order to reveal the interfacial debonding mechanism between FRP sheet and concrete substrate concerning the strain rate, single-lap shear tests are utilized to sixty specimens under different strain rates between 1:0E − 4/s and 5:0E − 3/s, and the effect of different factors, including strain rate, FRP type, concrete strength, and adhesive type, on the interfacial fracture energy, peak shear stress, strain, and bond-slip curves, is comprehensively investigated by parametric analysis. The Kulkarni and Shah model [24] , which was initiated for pure concrete, is extended to estimate the interfacial mechanical performance between the FRP and concrete under medium strain rate.
The rest of the paper is organized as follows. The details of the single-lap shear test are illustrated in Section 2. In Section 3, the experimental results are investigated, and the effects of concrete strength, strain rate, FRP, and adhesive type on the interfacial bearing capacity and features are thoroughly discussed. A brand new, yet effective, model for evaluating the interfacial fracture energy and peak shear stress considering the strain rate effect is proposed and verified in Section 4. Section 5 concludes the paper.
Experimental Program
2.1. Material Properties. The grade of 32.5R Portland cement produced by Anhui Conch Cement Co., Ltd. is used to make sixty specimens with the concrete grade of C20, C30, and C40, using ISO standard sand as the fine aggregate and gravel with 5 mm to 20 mm diameter as the coarse aggregate. The components of concrete are listed in Table 2 . The compressive strength and tensile strength of the concrete are tested by GB/T 50081-2002. Two types of FRP (CFRP and BFRP) and two types of epoxy resin adhesive (both produced by HITECH Nanjing and here denoted as adhesive A and adhesive Q) are used. The material properties of FRP and adhesive are tested by GB/T 3354 and GB/T 2568, respectively, and listed in Table 3 .
Specimen Dimensions and Loading
Rate. Single-lap shear specimens are used to test the interfacial debonding process, as shown in Figure 1 . The FRP sheet is pasted in a premarked area (50 mm × 200 mm) on the top of concrete block with roller compression to exclude bubbles and improve the interfacial debonding performance. Note that the bond length is over the effective bond length estimated from the previous model [20] . An unbonded length of 50 mm was reserved to eliminate the effect of concrete edge [25] . Nine strain gauges are arranged along the centerline of the FRP layer. Considering that the stress gradient is relatively steep near the free end, the strain gauge spacing near the free end is less than that away from the free end. The single-lap shear specimen is fixed by the anchoring device as shown in Figure 2 , and the strain gauges are connected to the dynamic strain gauge by data acquisition lines. The steel clamp, FRP sheet, and fixed base are arranged in the same plane to eliminate the eccentric effect.
The loading rates are set as 200 N/s, 2,000 N/s, 6,000 N/s, and 10,000 N/s. Assuming that the force is applied uniformly along the loading end of FRP sheet, the corresponding strain rate at this position can be obtained as 1:0E − 4/s, 1:0E − 3/s, 3:0E − 3/s, and 5:0E − 3/s, mainly to simulate the situation under seismic load as shown in Table 1 .
Test Program.
Under the static loading condition, it has been well revealed that the interfacial bonding properties between FRP and concrete are affected by many factors, such as concrete strength, FRP properties, adhesive properties, and bond length and width. For dynamic cases, it has been found that the strain rate, FRP type, concrete strength, and adhesive type are major factors affecting the interfacial debonding performance [18] ; thus, we adopt these four factors as the system parameters, as shown in Table 4 . Here, the letter "I" denotes the quasistatic load, and "II," "III," and "IV" denote dynamic load with different load speeds (i.e., different strain rates), respectively. For instance, a specimen named C20AI1-3 uses CFRP, C20 concrete, and adhesive A under quasistatic load. In each group, three specimens are tested, and the average value is used for subsequent analysis.
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For each type of specimen, three samples are tested and the average values of these three samples are used. The BFRP is double layered to achieve similar stiffness to CFRP.
Experimental Results and Discussion
3.1. Interfacial Debonding Process and Failure Modes. At the initial stage of loading, a small relative slip between the FRP sheet and the concrete substrate was observed as a slight noise can be heard. By increasing the load, the FRP sheet with a thin mortar layer near the FRP-concrete interface was gradually peeled off from the concrete substrate. When the ulti-mate damage load was reached, the FRP sheet and concrete substrate were instantly separated with no obvious premonition. It can be observed that the destructive area of the concrete substrate was slightly larger than bonding area, similar as the phenomenon observed under static loading condition. According to the experimental results, the failure modes can be classified into three types (see Figure 3 ): (i) interfacial cohesion debonding between the FRP sheet and concrete substrate, which occurs within 2 mm to 5 mm below the concrete surface; (ii) internal shear failure of adhesive layer; and (iii) rupture of the FRP sheet. Assuming that the quality of construction is ensured, the first mode of failure is acceptable and will be discussed in the subsequent section.
Interfacial Fracture Energy.
Interfacial fracture energy G f is usually used to evaluate the bearing capacity of the interface, which equals to the envelop area of the bond-slip curve and can be denoted as follows [26] :
where P u is the ultimate shear load, and b f , t f , and E f are the width, nominal thickness, and elastic modulus of the FRP sheet, respectively. The effects of strain rate and material properties on G f are depicted in Figure 4 with the experimental data and linear fitting curves. In Figure 4 (a), it is observed that G f increases with the concrete strength and the specimens using lower-strength concrete have a more obvious strain rate effect. Considering the debonding failure occurs in a thin layer of concrete beneath the interface, the strain rate effect is mainly dependent on the concrete strength. Figure 4 (b) reveals that the specimens with BFRP possess higher G f than those with CFRP, because BFRP has a lower stiffness and a better ductility to dissipate the fracture energy. Such a phenomenon was also observed in [18] . The linear fitting curves of CFRP and BFRP are parallel to each other, which indicates that the FRP type only changes the values of G f , but the trends for different types of FRP are similar. In Figure 4 (c), it is found that the specimens using adhesive A possess lower G f , indicating that the adhesive with lower elastic modulus Table 1 : Magnitude of strain rates expected for different loading cases [17] .
Load type
Creep Static Earthquake Hard impact Blast Strain rate (s -1 ) 1 0 -8~1 0 -6 10 -6~1 0 -4 10 -3~1 0 -2 10 0~1 0 2 10 2~1 0 3 3 International Journal of Polymer Science contributes to higher interfacial fracture energy. A possible reason is that more energy is dissipated by the viscoelastic adhesive layer.
FRP Strain Distribution.
Assuming the FRP and adhesive are linear elastic, the average shear stress between the adja-cent strain gauges can be calculated by [27] 
where τ f is the average shear stress, ε f 1 and ε f 2 are the strains of two adjacent strain gauges, respectively, and Δx is the distance between two adjacent strain gauges. Figure 5 shows the strain distribution of the FRP sheet and corresponding interfacial shear stress of typical specimens at different instants. Here, t 1 , t 2 , and t 3 denote the instant of the shear load reaching 0.2P u , 0.6P u , and 1.0P u , respectively. It can be observed that the stress wave propagates from loading end to the free end of the FRP sheet. At the beginning of loading (t 1 ), the shear stress peak locates near the loading end, indicating that the debonding failure begins to occur at this section. As the load increases, the shear stress peak gradually transfers to the free end (t 2 and t 3 ), and the debonding failure front also propagates towards the free end. After debonding, the interfacial shear stress suddenly decreases owning to unloading. From a trend perspective, for a specified instant and position, the strain peak and shear stress peak both increase with the strain rate. Comparing Figures 5(a)-5(d), it can be found that the strain International Journal of Polymer Science peaks of the specimens using C40 are 7.6%, 3.1%, 5.5%, and 8.4% higher than those using C30 at four different strain rates. This indicates that the concrete with higher tensile strength can effectively increase the strain peak of the interfacial debonding. As shown in Figures 5(a) , 5(b), 5(e), and 5(f), the slope of strain distribution curves for the specimens using BFRP is slightly smaller than those using CFRP. Since the slope of the strain distribution curve represents the magnitude of the interfacial shear stress, it indicates that the interfacial shear stress of the specimens using CFRP is greater than those using BFRP during the debonding process, which is related to the stiffness of the FRP sheet. That is, the greater the stiffness of FRP sheet, the greater the interfacial shear stress. Figures 5(a) , 5(b), 5(g), and 5(h) show the effect of adhesive type on the FRP strain and the interfacial shear stress distribution. The strain transfer area of the specimen using adhesive Q is about 40 mm shorter than that with adhe-sive A. That is, adhesive A transferred stress wave faster than adhesive Q. As seen from the material properties of the adhesive in Table 3 , the tensile strength and elastic modulus of adhesive A are both higher than adhesive Q, namely, adhesive A possesses a better resistance to longitudinal deformation than adhesive Q, thus leading to a shorter time of interfacial debonding. (3) can be used to fit the FRP strain distribution by regression analysis [27] .
Interfacial Shear Stress. Equation
where a and b are fitting parameters, x is the distance from the loading end, and x 0 is the distance from the loading end to the position of the peak shear stress. International Journal of Polymer Science
The first derivative of Equation (3) is as follows:
The interfacial shear stress distribution can be expressed as follows:
where E f and t f are the elastic modulus and the thickness of the FRP, respectively. Using Equation (5) to fit the interfacial shear stress distribution in Figure 5 by regression analysis, the fitting curves can be achieved. For concise, only typical curves related to Figure 5 (a) are shown in Figure 6 . Noting that, with the increase of loading time, the peak of the interfacial shear stress transfers from the loading end to the free end. Due to the homogeneous characteristics of concrete, the peak shear stresses are possessed at different positions along the interface; thus, the average value of the peak shear stresses is taken as the peak value of the specimen and depicted in Figure 6 .
Effective Bond Length.
It has been found that there exists an effective bond length (i.e., L e ) between FRP and concrete, indicating that the interfacial bearing capacity remains basically the same when the interfacial pasting length is over L e . The estimation formula suggested by Dai et al. [26] is adopted to evaluate the strain rate effect on the effective bond length, which is
with η = 0:96.
The L e of the specimens using C20A, C30A, and C40A with different strain rates are depicted in Figure 7 . Under the quasistatic loading condition, L e equals to 89.5 mm, 83 mm, and 84.5 mm for C20A, C30A, and C40A, respectively, and the values agree with the observations of Chajes et al. [28] (80 mm) and Triantafillou et al. [29] (90 mm). It is also observed that L e gradually decreases with the strain rate. In the case of higher strain rate, the interfacial debonding occurs in a shorter instant and the stress wave has less time to propagation from the loading end to the free end; thus, a thicker and shorter layer of concrete is peeled off from the substrate to dissipate the peeling energy. Compared with the quasistatic condition, L e decreases by 10.1%, 8.4%, and 5.8% for C20A, C30A, and C40A at the strain rate of 5:0E − 3/s, respectively, indicating that the specimens with lower concrete strength are more sensitive to the strain rate effect in terms of effective bond length.
3.6. Bond-Slip Relationship. The interfacial fracture energy G f and the peak shear stress τ max represent the energy consumed per unit area of FRP-concrete interface and the magnitude of the ultimate shear stress, respectively. These two parameters not only reflect the magnitude of the interface ultimate failure load but also evaluate the interfacial adhesion, and always used to evaluate the bonding performance of the FRP-concrete interface. The slip of the interface can be obtained by the integral of strain (Equation (3))
Using Equations (3), (5) , and (6), the bond-slip relationship of the interface can be obtained as follows: Distance (mm)
(h) Shear stress for C30Q Figure 5 : Interfacial strain distribution and shear stress for different specimens.
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The bond-slip curves of all samples with different parameters are depicted in Figure 8 . It can be seen that the shape of the curve is approximately in exponential shape, which can be divided into three sections: (i) linear raising section, in which the interfacial shear stress increases with the interfacial slip linearly, owning to that the bearing capacity of the interface is mainly from the adhesive bonding force; (ii) nonlinear raising section, during which the interfacial shear stress keeps raising with a slow-down rate until it reaches the peak. In this section, the bonding force between the concrete substrate and the adhesive resin begins to work; (iii) exponential softening sec-tion, in which the interfacial shear stress gradually decreases with the slip, because the interface begins to debonding from the loading end to the free end.
From Figures 8(a) -8(e), we can see that the shear stress peak increases with the strain rate. But, the location of the shear stress peak remains basically the same. By comparing Figures 8(a)-8(c) , it can be found that the increase of the concrete strength is helpful to improve the interfacial bearing capacity. From Figures 8(b) and 8(d) , it can be concluded that the specimens using BFRP possess better ductility than those with CFRP, leading to a higher stress peak and longer total slip and thus higher interfacial fracture energy. By comparing Figures 8(b) and 8(e), it is proved that the specimens using softer adhesive are able to consume more fracture energy during the interfacial debonding process, as observed in Figure 4 (c). (9) with respect to s, the interface fracture energy is obtained as follows:
Peak Shear Stress. Integrating Equation
τðxÞ reaches the maximum value as ðdτðxÞÞ/dx = 0 and can be expressed as follows: Figure 9 shows the relationship between τ max and the strain rate by means of linear fitting. It was found that τ max increases with the strain rate for the specimens with different materials. Figure 9(a) shows that under the conditions with the strain rates of 1:0E − 4/s, 1:0E − 3/s, 3:0E − 3/s, and 5:0 E − 3/s, τ max of the specimens using C40 are 12.0%, 9.6%, International Journal of Polymer Science 4.2%, and 2.3% higher than those using C30. The difference between the specimens using different types of concrete becomes smaller at high strain rate, because lower-strength concrete possesses more obvious strain rate. From Figure 9 (b), we can see that τ max of the specimens using BFRP are obviously lower than those using CFRP, which means the greater the stiffness of FRP, the higher peak shear stress. In addition, the fitting curves of CFRP and BFRP are almost parallel, which indicates that the FRP type only affects the value but not the trend of τ max . Figures 9(c) shows the influence of adhesive type on τ max , in which slight difference can be observed.
Estimating Model for Interfacial Fracture Energy
As mentioned above, the failure mode of the FRP-concrete interface under medium strain rate is cohesion failure in the concrete substrate, and the experimental results have revealed that the concrete strength is the major factor Since concrete is a strain rate-sensitive material, dynamic constitutive models are usually used to describe its ratedependent properties. Here, the dynamic increase factor (DIF) model is used to analyze the interfacial bonding performance of the FRP-concrete considering the strain rate effect. There are several types of DIF model widely used, such as the power function model proposed by CEB code [30] and the logarithmic function model proposed by Kulkarni and Shah (K & S model) [24] . The latter one can be expressed as follows:
where _ ε d and _ ε s are dynamic strain rate and quasistatic strain rate, respectively. σ d and σ s are the dynamic and quasistatic compressive strength of the concrete, respectively. α and β are the fitting parameters.
Here, the K & S model is used to conduct the nonlinear regression fitting analysis on G f and τ max to investigate the strain rate effect on the interfacial bearing capacity between the FRP and the concrete. For simplicity, only the effect of concrete strength is considered in this model. For the data comparison, the normalized interfacial energy at break (G f d /G f s ) and peak shear stress (τ md /τ ms ) are used as the ordinate and the relative stain rate (_ ε d /_ ε s ) as the abscissa. The specific model is expressed as follows:
where G f d and G f s are the interfacial fracture energy under the dynamic and the quasistatic load, respectively. τ ms and τ ms are the corresponding peak shear stresses. α, β, γ, and ω are the parameters obtained by the nonlinear regression of the experimental results. The fitting curves of the interface strain rate effect model for the specimens using C20A, C30A, and C40A are shown in Figure 10 with the fitting parameters and the value of R 2 . It is observed that the correlation coefficients are over 0.9 for all 
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International Journal of Polymer Science fitting curves, indicating that the proposed model performs well to predict the strain rate effect on the interfacial fracture energy and the peak shear stress. The normalized strain rate effect model shown in Figure 10 can be regarded as the dynamic increase factor derived from the ratio of the dynamic constitutive model to the static constitutive model. In order to obtain a reasonable estimation of G f and τ max , Equations (8) and (9) are rewritten as follows:
To verify the accuracy of the estimating model, G f and τ max for the specimens of C30A obtained by the estimating model and the experiments are compared in Figure 11 . For G f , the relative errors of estimation under strain rates I, II, III, and IV are 1.5%, 3.3%, 0.7%, and 1.0%, respectively. For τ max , the relative errors become 1.4%, 3.5%, 1.1%, and 1.0%, respectively. Consequently, the estimated values agree well with the experimental observations.
Conclusion
The interfacial debonding mechanism between FRP sheet and concrete substrate under medium strain rate (from 1:0 E − 4/s to 5:0E − 3/s) is thoroughly investigated by the single-lap shear tests. The influences of the strain rate, 
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International Journal of Polymer Science concrete strength, FRP, and adhesive type on the interfacial shear capacity are analyzed by linear and nonlinear fitting of experimental results. It is found that the interfacial fracture energy and the peak shear stress significantly increase with the strain rate and concrete strength. Owing to the ductility of BFRP, the interfacial fracture energy of the specimens using BFRP is higher than those using CFRP, but their trends with the increasing strain rate are similar. The adhesive with lower elastic modulus is helpful to improve interfacial energy dissipation under dynamic load. Within the range of the strain rate concerned in this paper, the effective bond length is between 75 mm and 90 mm, which deceases with the concrete strength and the strain rate. A logarithmic function model, in the form of K & S model, is proposed to estimate the interfacial fracture energy and the peak shear stress under medium strain rate, and good agreements are observed between the estimated values and experimental results. It should be pointed out that the proposed fracture energybased model is able to indirectly evaluate the macroscopic mechanical properties of the interface, but the local situation of the interface cannot be investigated in detail due to the lack of stress/strain field description. Consequently, more advanced techniques, such as digital image correlation (DIC) technique, are required for further study.
